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SUMMARY 


A solution of Von Karman 1 s equations for plates with, 
large deflections is presented for the case of .a rectangular 
shear weh with height -t o-width ratio 2.6 reinforced by ver- 
tical struts having one-fourth the weight of -4, he shear vet. 
The results are compared with the solution of NACA TN Ho. 962 
for a square shear web and with appr oximat e -^n^ly se s by Kuhn . 
and by Langhaar . 

The computed shear deformation differed not more than 2 
percent from that for the square web. The stresses at the 
center and at the corners in line with the diagonal tension 
wrinkles and the. force at the middle of the struts differed 
by not more than 30 percent from that for the square web. 
Kuhn's analysis gave values of shear deformation and of, 
stresses that were up to 37 percent larger than those for the 
present analysis, and values for the maximum force in the 
struts that were smaller. Langhaar' s analysis gave values 
for the shear deformations, Btressres, and strut force that 
were generally much larger than those given by the present 
analysis; the differences were of the order, of 50 to 400 per- 
cent at the largest load. 

INTRODUCTION 

An analysis of a square shear- web above the buckling 
load was presented in reference 1. Actual shear webs are 
frequently rectangular rather than square, with a dep-th-width. 
ratio considerably greater than 1. The analysis of reference 
1 therefore was repeated for. a. shear web with depth/width 
= 2.5. Comparison of the results with those for the square 
web then would indicate the effect of ch&ages in the depth- 
width rati o . 
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Thi a investigation, conducted at' the National Bureau of 
Standards, was sponsored "by and conducted with the financial 
assistance of the National Advisory Committee for Aeronautics, 


SYMBOLS 


The symbols have the following significance (see fig. 

lb)': 

x,y coordinate axes with origin at corner of plate 
a length of plate in x-directlon 
b a 2.6a length of plate in y~direction 
h thickness of plate 

w deflection of plate 

3 Young's modulus 

M> = */ 0.1 = 0.316 Poisson's ratio 
D = Bh s /l2(l - |A 3 ) flexural rigidity of plate 
5* stress function 

4 shear load carried by beam 

Ox average normal stress in plate in x-direction 


'dy average normal stress in plate in y-directi 

T median fiber shear stress at corners of pla 
r = 1/4 ratio of strut weight to plate weight 


p 

compr e s sive 

force 

in strut 

e x 1 » 

_ J V t 

e y * xy 

med i an 

fiber 

strains 

Ox' . 

<V’ T xy' 

median 

fiber 

stresses 


n- « rr tl T U. 

a x • °y > T xy 


on 

te 


extreme fiber bending stresses 
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°x* Oy, T xy extreme fiber stresses 

A m , ®n» b m>n coefficients in stress function 

v m,n coefficient in deflection function 

m,n integral numbers used as subscripts i * -.•* 

y = 2.632 t/B apparent shearing deformation of beam 

u,v displacements in x- and y-directions, respectively 

p lateral pressure in Ton Karman's equations 

a angle between direction of maximum principal stress and 
x-axi s 


FUNDAMENTAL EQUATIONS 


Consider an initially flat rectangular plate of uniform 
thickness. The two short edges are assumed to be simply sup- 
ported by heavy flanges, integral with the plate, which allow 
rotation about the edges, but prevent displacement parallel 
to the edges and force the edges to remain straight. The two 
long edges are simply supported by struts, integral with the 
plate, which allow rotation about the edges, allow displace- 
ment parallel to the edgeB corresponding to the shortening of 
the strut under load, but maintain the edges in a straight 
line. The panel and struts transfer a shear- load Q shown 
in figure 1 . : 


The fundamental equations governing the deformation of 
thin plates were developed by Von Karman. They are (see ref- 
erence 2, pp . 322-323): 


a 4 p 

2 — ® 

4 f 1 a 4 p 

u.- 

- b r (~ 

B 3 w Y 

r i3 ■■ 

O W 

a s w1 

3x 4 


By 3 . 

. By 4 


ix By 

. ,0X3 

3ya J 

2 34 

V 

a 4 w 

_ £ . ' 

h. VdjF 

; 11* . 

r •• j 

L - 

■ n 

ax 3 

ay 2 

ay 4 

- 4* 

D 

D W 3 

Bx e 




+ s g ' 2 w - s a 3 > ' a a v 

6x 3 By 3 5x dy dx dy 


( 2 ) 
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where the median-fiber stresses are. 


<V ■ a r' ■ ff ! ^ 

By Bx 3 


,S a J 
Bx By 


and the median fiber strains are 


( 3 f |. W -^ l ) 

X 33 ^By 3 ■ Ba: 3 / 

€y ' = i . * ifSV 

• a Va * 3 ay 3 / 


» /• -j ji. -i . . r 


V 1 = - - (1 + n) — 

xy B 8x By 


The extreme, fiber; bending stresses are 


.1 . j . . 


• . 1 ■ - * ■ , . " . . 1 ■ 1 V 5 3 

. ' « i' „ ' ; ’ - ■ {Six ' 4»* u, I • 

* ' >.ti -v>~ U* , ' , : : •. ■ ■ 


a *' =■ - 


* 2(1 


'(&* y y •• L - " ‘ ( 5 V . 

- IX 3 ). V 3y3 Bx 3 ' H,. f 


T xy u = - 


Bh ' ~ 

2(l + p> ) Bx By 


Buckling Load . ' 1 .. 

,The theory for determining the buckling load of a simply 
supported rectangular plate under. .shear loads is given by 
Timoshenko on pages 35? to 3S0 of reference 2. This theory 
was worked out in detail for the case of. a rectangular v 'plat e 
(fig. lb) height-width ratio 2.5 in order to determine how 
many terms of the deflection^ equation . 


oe» co 


z.-L 


m4i^ nil - - a 


sin SHE 
b 
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would be needed to give $he buckling- load with a negligible 
error. ' ' 


If the 14 terms corresponding to w 1>a , w 1>4 , w 1>6 , 

W 2,l* w 2,3> *2,6. *2,7. V 3 j 2* *3,4, *3,0, W4,l, W 4>3 , W 4)5 , 

V 4 J? 1 and the theory of reference 2 are UBed, the buckling 
str e e e i s' • ■■ " f 

* t ■ 1 ’’ 

T a 5.554' Eh 3 /a 3 

* i 

If ‘the eight terms v lf3l v 1 ^ 4 , *i, 6 » v 2>1 , * 2j3 , w 2 } B , w 5ja , 
v 3)4 are used, the buckling stress Is 

T = 5.555 Sh 2 /a* 


If the seven terms 
are used 


w 


1,2* *1 ,4i 


w 


a , 1» 


3*' 


5* 


3.2* 


W 


3 , 4 


T = 5.567 Eh s /a 3 


If the sim terms w. , w 


1,2 » W l,4> W 2 , I » W 2,3* V 2,6» w 3 , 


are used 


a / a * 


T = 5.757 Eh s /a 


If the five terms 


1 , 2 * 


1,4* 


W. 


1 » 


w 


2,3* 


2,5 


are used 


T * 5.823 Eh 2 /a S 


It will be noted that the computation is confined to the 
deflection coefficients for which m + n is an odd number, 
while Timoshenko confines his computation to the coefficients 
for which m + n i s an even number. Preliminary computation 
shoved that Timoshenko's selection of coefficients gave the 
lower buckling load for a square plate while the present se- 
lection gave a lower buckling load for a plate with b/a = 2,5 
The reason for this is obvious after considering probable 
buckling iodeB for plates with b/a = 1 and b/a = 2.5. 
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If the four terms 


w 


i,s* 


w 


1 * 4 » 


w 


a . i * 


w. 


are used 


T = 5.867 Eh s /a 3 


It seems probable that the buckling stress with an unllmlt|d 
number of terms would not differ appreciably from 5.554 Eh / 
In the following work it will be assumed that the shape of 
the buckle is adequately described by limiting the summation 
in equation (6) to the 14 terms w i , 2 > w i, 4 » v i , e * v s , i * 

W a , 3 * W 3 , 6 * W a 3 7 * , 3 ' W 3 , 4 * W 3 , 6 * W 4 , 1 ‘ W 4 j 3 1 W 4 , B * V 4 , 7 * 

> c 


At the start of buckling, the relative magnitude of the 
different terms is such that w lj4 , w g ^ ^ , and w g ^ 3 are 

approximately 1/4 of ? a ; Wi (6 , v z,s t an< ^ v z , 4 are a P~ 

proximately 1/30 of w x ( a ; and the remaining terms are leas 

than 1/100 of w a a . It will be assumed in the following 
work that all products of Vr m ^ coefficients can be neglected 
except those involving w 1>a ,’w 1>4 , w 2>1 , w 2 f 3 . 


Equilibrium of Median Eiber Eorces 

A suitable stress function, E must now. be, ch.hsqj^ ,t q, . 
satisfy equation (l), which expresses the "Condition that the 
median fiber forces are in equilibrium in the plane of the 
web. If E is taken as, • 
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Txy + 


t l cob BHT 


m=o n=o 


COB mTTX 

Vldt - 

“!!£ coth 

ami ' 

) cosh 

nm ( Z. - 


a 

L vi+ii 

2a 

2a • 

/ 

y a 

2a/ 


+ urn f 

7 „ _b_\ 

sinh 

wtt(l 

- A)1 



\ 

a 2a / 


y a 

2a/ J 


cos ^ 


JPTTb tanh 

BUT b > 

^ sinh 

nm ( jL w 

b y 

a 

LVl+H. ‘ 

2 a 

2a - 

y a 

2a / 


m= i , s 




+ am 

a - 


cosh 

nm ( — 

— V 





\a 

2a ) 


y a 

2a /_ 


♦ y 

C 0 8 P-V? 

[7l=li - 

nira 

coth 

nira 

y i«noli ntr ( 

.. a y 



2b 

2b 

J 

y b 

2b/ 

n=a ,4,6,8 











+ 

n-n ( 

' X 


sinh n-rr ( 

X 



• 



. b 

2b J 

y 

b 

2b/J 

♦ y 

B n cos BILZ [ 

. j 

nira 

tanh 

niTay 

sinh n-rt 

- 

±S) 


b I 

yi+p. 

2b 


2b ) 


y b 

2b/ 

11*1,3,5,7 

U 









+ nu ( — ~ 

a y 

■ ■ J 

\ cosh nrr ( — ~ 


y b 

2b / 

y b 

2b /_ 


and if equations (6) and (?) are substituted into equation (l) 
with only products of w 1>3 , w 3jl , w 3j3 , and v lj4 retained, 

it is found by a method shown in reference 3 that equation (l) 
is satisfied when 
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t> 0,0 * o 

b 0,2 * (- 4 *1,2"1,4 + 8*3,1® ~ 16*2, 1*2, 3) 

b 0 , 4 - 16378 ( 64 w 3,1 w 2,3 + 8wi >2 8 ) 
bo , 6 • a2'I:4 < 36 w 1,2 w 1,4 + 72w 2> 3 a ) 
bQ ,8 “ (32*1,4®) 

bi,l “ 33^64 (~^ 1 , 2*3, 1 -" 1 , 2 * 2 , 3-25*1, 4 w 2 , 3 ) 
b l,3 * ldr8 < S5 n,2 w 3,l“ 49w l,4»2,l> 

b l, 5 ' 62570 < 49 w 1,2*2;3 ♦ 81*i, 4 * 3 , 1 ) 
bi,7 * lfc ( isiw l,4*2,3> 

b 2,0 * (8*1,2° + 32 w 1,4*) 

b 2,2 * ”53872 < 36 w 1,3»1,4) 

*>2,4 * 0 L (8) 

b 2,6 * 2381 ^“’ 4 w 1,2 w 1,4^ 
b 2>8 « 0 

b 3,l ~W§Q < 85 w l, 2*2,1 * 49 *1,2*2,3 + 121w l,4 w 2,3^ 

b 3,3 " 8785 ( , 2 W 2 , 1 + 81w l,4 w 2,l> 

b 3,5 " dfe ^ w l,2»2,3 * 49 "l,4»2,l> 

b 3, 7 * 7C&E ^ 25 w 1,4 w 2,3^ 

b 4,Q * 6TO5 ^ 8w 2,l a + 78 w 2 i 3 S ^ 

b 4,2 * 6982 ( 64 "2,1*2,3> 

b 4,4 tt SBT2 (-18^3, l w 2,3) 

b 4j6 * 0 ; b 4}8 = 0 

b m, n 


*= 0 whenever m 4 - a is an odd number 
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Boundary Conditions 

The condition that the edges of the plate he simply sup- 
ported is automatically satisfied hy equation (6) for the 
lateral deflection. . . 

The condition that the edges of the plate act integrally 
with the supporting struts and flangeB of the "beam requires 
that the strain at the edge of the plate be equal to the 
strain in the shpprort ing strut or flange. This condition will 
he used to determine the remaining coefficients cr^t cry- » 

in equation (7). 

The edges y « 0, y = b (see fig lb) are considered to 
be supported by flanges so heavy that they do. not shorten un- 
der load. The median fiber strain in the x-direction at the 
edges y = 0, y = b must, therefore, be zero, 

^ex‘)y=0, y=b = 0 


The edges x=0, x=a are considered t o be supported by 
struts having 1/4 the area of the sheet, that is, ah/4. If 
the compressive force in the strut is denoted by P (P is 
a function of y), the median fiber strain in the y-direction 
at the edges x=0, x=*a must be, 


(e •) 


y x=0, x=a 


4P 

ahS 


( 10 ) 


Since there are an equal number of web bays and struts in the 
middle portion of the beam, the compressive force in a strut 
must equal the vertical tensile force in a web bay, or 


P 



dx 


( 11 ) 


Substituting from equations (3) and (?) into equation (ll) 
and performing the indicated integration gives, 
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P = ah v + 

y b(l + U-) 




sinh coa 5BZ (12) 

2b b 


n=s 


Substituting aquation (12) into equation (10) gives 


^ y' ^x '=0, x=a “ 


— cr 

3 y 


1 6tt 


abl ( 1+H ) 


5 >- 


sinh cos BUZ (13) 

2b b 


n= § 


The. +fact that the summations in the series expansion for F, 
equation (7)., have been limited to m .= 4 and n = .8 makes 
it impossible to satisfy the boundary equations (9) and (13) 
identically. Except for a small variation in strain ot a .... 
frequency higher than the fourth harmonic in x and eighth 
harmonic in y, however, it can be shown by expanding P 
into trigonometric series and by substituting equations (4), 
{?), and (8) into equations (9) and (13) that equations (9) 
and (13) are satisfied when, 





f • 


i 
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a y = (0.2408 *i i2 “ + 0.7242 *i j4 8 + 0.3588* 2 j i b + 0.6810* 2j3 s ) 

(1.31017! 2 * + 1.463wi ( 4* + 5.048* 2> i a + 5.150* 2>3 a ) 

A 1 “ li 5 ( ~ 0 • 2743 *i j 2 * 2 , 1 “ 0 - 5940,r l , 2 W 2 , 3 “ 0 . 1770*1, 4 * S} 1 

- 0.7 598H ! 4*2 , 3 ) 

B ! = ~s (34.26w ljS w 2fl - 51.47w lt2 w 2>3 - l* 7 58* lj4 * 2) i + 39.99* 1>4 * 2) 3 ) 

A a « -!» (-21.46*1 2 a - 75. 92*! 4 8 - 7.900* 2 V - 9.409* 2 3 a 

- 24.46*1,2*1,4 - 2.159*3,1*2,3) 

b 2 » (-0.1173w 1>3 a - 0.4122 w! j4 8 - 20.84w 2fl a - 0.09173* 2 , 3 a 

+ 43.67wi jS w 1j4 + 60.76* 2 j i*2,3> 

A 3 “l^ ( 1 - 51Zw l 2 W 2,1 + a - 523w l,2 w 2,3 + 3.745 *i j4 * 2>1 + 11 - 56w l,4 ir 2 } 3 ) 

U (I 4 ) 

B S = li 8 (” 6 - 326 w 1,2 w 2,1 ** 3 - 5S6w l,2 1r 2,3 “ 6 - 589 t 1,4 w 2,1 ~ 4 - ^^l , 4 W 2 , 3 } 

A 4 -^T (-15.97w 1)2 a - 25.70w 1>4 8 - 68.87* 2>1 a - 473.8* 2 , 3 a 
+ 9.950w 1)2 w 1>4 - 306.7 w 2>1 w 2>3 ) 

34 “10 s (-52.13*1,2“ - 7.940w 1)4 a - 1.003*2 t i a - 2.337*2,3“ 
w 2. 510*1,2*1,4 - 435.6*3,1*2,3) 

b 5 =^6 ( -11 •24w 1) 2*3,1 - 6. 647*1 f 2*2 , 3 + 92 * 90 *1 , 4 W 2 , 1 “ 37 .83*i, 4 * 2 , 3) 

Bg (—3*450*1 j2 8 - 13.01*i > 4 " - 1.6?7* 2j1 “ - 299.7* 2>3 S 

- 158.2*i j2 *i >4 - 2.320* 2> i* 2j3 ) 

B ? “ 1^ (-9.777*i j2 * 2j i - 31.75* 1>2 * 2>3 - 4.193 * ij4 * 2> 1 + 113 . 32* x , 4 * 2 , 3 ) 

B S“"l^ (-5*152*1, 2 S - 148.0 *i > 4 3 - 2.775* s ,l 8 - 8.755*3,*“ 

- 5.482* 1j2 * 1>4 - 4.772* 3>1 w 2j3 ) 



12 


HACA TN Ho. 1009 


The struts and flanges are considered to be stiff enough 
in bending to keep straight the four edges (x=0, x»a, y=0, 
y=b) of the plate. Equations for the u and ▼ dleplace- 
mente, in the x and y direoti one, respectively , can be ob- 
tained from page 322 of reference 2. 



(15) 


3y dx 


y > _ &L 
x 7 3x-3y 


Values of u and v can be obtained by substituting equa- 
tions (4), (6), (7), (8), and (14) into equations ( 1 5 > and 
integrating. This gives for the values of u and v at the 
edges of the plate 


(u) x=0 

(v) y=0 


0 , = 0 

2.632 T x/E 


2.632 T xj 


1 (l.604w I)3 s + 4.62E« 1(t s 
+ 2.842» S>1 S + 4.257*^.,*) 


>1.15) 


It is seen from equations (16) that the edges of the plate, 
corresponding to x*0, x=a, y*0, y»b, satisfy the condition 
of remaining straight after buckling has started. 


Equilibrium of Lateral Forces 

Equation (2) expresses the equilibrium between the com- 
ponents of the membrane forces in a direction perpendicular 
to the plate and the opposing forces developed by the plate 
because of its flexural rigidity. The fact that the series 
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expression for v, equation (6), has "been limited to 14 
terms and the fact that .only those square and cubic products 
involving the 4 biggest terms in w are considered, make it 
impossible to satisfy equation (2) identically. Except for 
small ’unequilibrated lateral pressures of high order, however 
it can be shown by expanding ff into trigonometric series 
and by substituting equations (s), (?), (8), and (14) into 

(2) as is done in reference 3, that equation ( 2 ) is satisfied 
when the equations in table 1 are satisfied. As an example 
of the use of'thiB table, the- first equation is 


0 = 24 . 26w x a h 2 + 5.689v S)1 Ta 3 /E - ,10,24 w 3j3 T a e /E 


(17) 


-4.063w a)5 7 a /E . . . + 23.13w lya 3 + 0 . 041 56w 1 y a w -,1 ^ 4 + 


Shear Load Carried by Beam 

The beam (fig. la) supports a shear load At any ver 

tical section through the beam this load is partially carried 
by shear in the web and partially by shear in the flanges. 
Part of the shear in the web may be considered as due to the 
diagonal tension after buckling. 


Making use of the fact that the flange bending moment is 
the same at each. strut point, the shearing force in the upper 
flange ie . 


, h ( * ) , 

{'■■■ >! . ■ 7 y=b 


dx - — 
a 


h(<V ) y=b xdx 


(18) 


and in the lower flange is 


1 

a 


h(cj y‘ ) y=o xdx " / hCcr y ,) y = 0 dx 

'O <^x 


(19) 


where the shearing force in either flange is considered pos- 
itive if it tends to support the external load Q directed 
as shown in figure la. The shear load carried by 'If ha web is 
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Adding equations (18), (19), and ( 20) , substituting for ay ’ 
and T xy' their values as given. by equations (3), (7), (8), 
and (14) and integrating gives 


d 


= ^bh + ^ (-1.352V 1>3 v 3)1 + 2.427v 1>a w a> 


- 0.5406V, .w_ , - 3.474w 

1 a j 1 


1,4 W 2 , 3 ) 


( 21 ) 


Shearing Deformation of Beam 

The shearing forces acting on the end of the beam cause 
it to shear downward as shown in figure la. The amount of 
the downward displacement is given by equation (16) ast 

<v) ys;0 = 2.632 -Ip = yx; \ = 2.632 ~ (22) 

where V is the shear deformation of the beam. 


Effective Width in Shear 

The loss in shear stiffness of the beam after buckling 
may be considered as a loss in effective width of the sheet. 
Define the effective width ratio in shear for a given shear- 
ing deformation ; V as the ratio of the -load $ actually 
carried to the load Tbh which would have been carried in 
the absence of buckling. The effective width ratio is, there- 
fore , 


Effective width ratio = Q/(-Tbh) (23) 

Substituting the value of q, given in equation ( 21 ) and 
b * 2.5a gives 


Effective width ratio = 1 


ta‘ 


(~° 


. 5408w 


X , 3 W 3 


+ 0.9708w 1 


a w a,3 “ 0 * 2162w i , 4 V 3 , 1 


1.39°w 1)t « aj5 ) (24) 
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Compressive Force In Teriical Strut 

After buckling of the web, the diagonal tension field 
tends to draw the flanges of the beam together. This action 
is resisted. b,v ’the vertical, struts* The magnitude of the 
resulting compressive force P in__the strut is given by 
equation (12). Substituting for ay, B s , B 4 , B & , and B g 
the values' given in equation (id) gives 


P = 


Eh 


■jj^O . 2408w x , a S + ? / 7242w 1>4 a ■+ 0.3588w a>1 a + 0.681w a>3 

+ cos ^-0.00145w 1 j2 2 - 0.00508 w 1j4 s - 0 . 257 w 2jl a 

- .0.001l3v a>3 a + 0.539 w 1)2 w 1>4 + 0 . 750w s } x vr a f 3 ) 

+ cos 12Z (^-0.0488w 1)S s - 0.00?44w 1 j4 a - 0.00094w 2jl a 

"b \ - f 

- 0.00309w 2j3 a - O.OOS36w lja w lj4 - 0 ,40Sw a j 3 ) 

+ cos (- 0 . Q017lw, a s ■- -6 „ 0059 7w 1 4 S - 0.0083w 2 l s 

b \ } ’ 

- 0 .1489w a t 3 S - 0.0786w 1;a w 1)4 - 0 . 00015v a f ,* 8 , 

+ cos (^-O.66l20w 1 jS a 0.0345 w 1j4 2 - 0.00065w 2jl a 

- 0 . 00204w a - 0.00128W, w, . - O.OOlllw w 

3 f o 1 j a ^ j ’ o j 1 o ^ o 

. * i* •> . - * " TJ ‘ . l ; ... 

■ " ■ ■ (25) 


Stress at Center of Shear Bay 


The median fiber stress at the center of the ■ plat e .is 
obtained from equations (.3), (7), (8), andj(l4) by letting 
z = a/2, y .= b/2. .This gives- ■ - 
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* P °-. 8800 V.«* ♦ 


7=13/2 


( cr v ' ) 


y x=a/2 

7 =V 2 


+ 10.14w^'a -..0.6638w 1>a w.i >4 - 20.23w a>1 w a ^ 
(l .032w lt#a - 2 ' + . 3 .890*1, * a + 0 , 2986w s } i a 


E 


a* 


- l,116w a ^ 3 - 2 -. 872w x } a Wj ^ 4 + 1.357w a> iW 3 j 3^ 


> ( 26 ) 


^•xy' ^x« a /2 = T ' “ (“ 5 • 306w i , a w a , a + 1 * 954w i,a w a, 

7=D/2 

+ 8 . 223 w x f 4 w 3 f 1 - 6.549w 1> 4W 3j3 ^ 


J 


The be'n&ing stress at the canter of the plate is obtained 
"by substituting equation (6) into equations (5) with x=a/2 t 1 
y=b/2. This gives 


(nr") . 

x x=a/2 

7=b/ 2 


<^v") /<3 

y x=a/ 2 

y=b/ 2 


5.482(®h/a 2 ) a (m 3 +0 . 05060n 3 ) sin HI sin Hlj 


1 m ’ a 


= 5 .48 2 (Eh/a 2 ) Y ^ w m( n ( 0 ,16n%0 .3l6m S ) sinHIsinHI l (2? ^ 


h ' 


(t ") = -1 . 500(Bh/a 3 ) YY naw cos ~ cos 

W , . x=.a/ 2 ' Z_,Z_ m .a 2 

y=t/2 


nu 

2 


m n 


The gquati ons ; ( 27) show that all the bending stresses are gero 
in the ? pr.e s e^t' pr obi em . This result can be derived also by 
direct inspection of (6)-, noting that m + n is odd and that 
consequently the point x=a/2, y=b/2r ■ must lie on a nodal ' J ' ' 
line. * ; 
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Stress at Corner 'of Shear Bay 

The membrane stress at the upper corner of the plate 
3 c= 0 , y=b , toward which the diagonal tension buckle points is 
obtained by substituting equat ions (?)» ( 8)1 and (14) into _ 

equation. (3). HhiB gives 


- 4r (-°- 1801w l ,a a " °- 7100 ''i,. 3 . 0.0491 s>i a 

y=b 

r \ 

0.3361w s>3 a - 0.5827w 1>a w ly4 - 0 . 214 6v a # x *r 2 } 5 
+ 0.197w 1>a w S)1 + 0 . 561w 1}2 w 2} 3 - 0.1613vr lj4 w 2>1 

~ 0 . 2033w a f 4 w a f 

(cr ') = iL ('-0.7l24w 1 3 - 2.592 v, 4 a - 0.1627w a , 2 

Y x=0 a 2 ^ ’ ’ 


- 1.899w a>3 3 - 1.918w 1>a w 1>4 - 1.233v a>1 w a>3 
+ 0 .3037w x )3 w a 9 x + 0,7445 w 1j2 w 2 j3 - 0 . 0644w x } 4 w 2 } x 

+ 0 . 1 5 24w i , 4 W 2 > 3 


(T 1 ) - T 

X =0 


The bending -stress at the. .corner of the plate is obtained 
by substituting equation ( 6 ) into equations (5) with x=0, 
y=b. This gives zero for ' a x 11 and cr y u at x«0, y=b and 

mnw m>n cos mr (29) 

m n 
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Principal Stresses 

The maximum and minimum principal stresses may be deter- - 
mined from the stresses C x , ~Oy, and T-^y by the equations 
on page IQ of reference 1+ 


°min 

max 



tan 2a = 2 




(30) 


where a is the angle between the x-axis and the direction 
of a principal -stress. 


/: TOS.SR ICAL ■ SOLUT I OS . 
Deflection Coefficients 


The deflect 1 ! on coefficients are obtained by solution of 
the simultaneous equations in table 1, such as equation ( 17) • 
These equations were solved for values. . Q < Eh 3 b/ a 2 , ' • by a 

method of successive approximation, using the following steps; 

1. Divide each equation by h 3 . 

2. Estimate values of. Ta 3 /Eh s , v^ j4 /h, w lj6 /h, Wa,iA> 
w 2 , 3 /h, w 3f5 /h, w 3j7 /h, vh, s /h, w 3j4 /h, w 3 , 6 /h, w 4jl /h, w 4 , 3 /h, 
w 4 >s/h> and w 4j7 /h, corresponding to a given value of 

w x,sA‘ 

3* Expand -the right-hand side. of each of the first four 
equations in a, -Taylor se-ries in Ta^/Eh 2 ! 'w 1>4 A, A* ‘ - ‘ 

w n, 3 ,/hj in • the ;r.-5?ighbca'hood of the estimated -values, retain- 
ing all the deflection coefficients in determining the con- 
stant term. 

1l. Solve the resulting four linear stations for the 
difference between the chosen values of Taf/Eh 3 , w 1 ^ 4 A* 
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w 


,i /h - 


w /h'and the improved value s . 

_ ; 3 j 3 : ' 

(reference 5) was used for this.). - 


( Or out 1 s method,, 


5. Substitute these imp^dved-value s . int o the remaining 
equations of table 1 and solve for the remaining deflection 
coefficients by successive approximation. 

. : :r. Z 

£. Repeat, using the improved values as an initial esti- 
mate until the estimated Vr'hO'r- .lee o than,, if 2 percent. 


f< 


< ; 


w 


S , 5 

3 .6 

4 . 6 


-0.189^^^ 


= -0.164w 3 - , 3 ? f vr^ : • j f «j.-0..054^ 
= 0 . ozs „ a . ^ W 4 • I ■ fc; Oi 027 W 


3,4 


1,6 

= -0.872k 


She c onvej gehb'e’ of this method-' : yf€i s slow .because of the 
large number of variable’s -Involved . ■ 'In ord-er to impr.ove the 
convergence for value s ; ’ft > '7;.44‘ iBh^b./a d , .the smaller deflec- 
tion coefficient’s were approximated /by the , ; rat i 0 s of their 
values at ft = 7.44 Eh 3 b/a s by taking w, „ « 0,424w. 

a, 7 -,? tC..037w 3j2 . v. 

•95^3 ,8 * - 74 ,3 7. ''•''“7-3,3 

3 . g and proceeding as before 
five equations-, of table 1 in 

st'eps 3 and 4. jand- _de (Term thiLng : "th-e- r ehai.-nin-g deflection coef- 
ficients fro-zm - 1 he.. ye ' linear relations, rather than from 
step 5. The convergence’ iisi'hg this .method wae rapid; one or 


= * G . 039w. 


3 ,2 • 
3,2* 


except 


t >i .4 

for including fche' fir sp 


two trials u-.sualXy- were "slE^Ffloieh't .to -gi^e- an accurate answer 
■ ■ - J ■" C /rfrv., 


load 

ling. 


- 1 1 'r' 1 f f 

The results .Eire ' ^ 

ft up 1 0 ab’out’ 


up 

The value 


of 


tion (22); ft was ..computed from T, 

tO .If! J l l' 

by. using equation (21;. * ’’ 

7 


■■■ • ! 1 ", k r> < '• -j - . . 

' ‘ rl 1 ‘ * I ' 

fV.en : f able- ‘2 -.'for.' values . qf "the .shear 
O'Ctr '- J t { i*me § the? ?cri t.i cal .value -for bucfc- 
was computed from T by using equa- 


w 


w 


if$ # . 


w 


1 « 4 


W 


2 , 1 ’ 


and 


3., 


■ • a i 
- ; r- 


*: t/ j- 
-i - r 'J ; ; 


• 2 .':' 1 
; 


We’dlaii'CltViber S.tres.-ses.' atL.C enter of r She hr- Web 
- . , .. * * rr : ■ 1 1 * : ; . 

. » ** *' * *- u ITU f ‘ . fvtr. . r ■ -f # 

The - me d-ihu 1 f i b.e-r- . -,e tr,e pae^' a h ^t he 1 . r c’e h t er ' 0 f the 
^bmpUhed'' .fr om, e quat^qn^ jC 2^, )r hnd^ 'ta^le 2. Th t e bending 
es : at -the* -cretet ej> of-, -the, e’Vere seen- "to -be zero fr 

. . f n \ mi. * 3 * _ a 1 ' 'Ll ; ■ * ** ’ 1 "j i . . _ 


shear web 

ye re co 

stresses- at -thet cretet ajv Qf-, .jbh e, , p.l at e^ Ve r e seen- "to. be zero from 
equation (27). The maximum ancf ^mi hi itfuiii’ principal stresses 
were then computed from equation (30). These stresses’ are 
given in table 3 and are plotted against the shear load ft 
in dimensionless form -iii '•figure 


hs-might be ^ix^e etedr^t helmAxi jsum /pri ncipal .. str es s ( 

Tl ^ 4 rm X A ^ ^ J « V a « * « 1 I V a ' ..m i ^ ^ L. . J _ 


cor- 


pespoij.di^g.. t 0 . t edsibri" 5, al bffg'-'-'the - wrinkl^^) continues to rise 
aftey ? bucki ihg, ; w&i2e; £hfe"' mini aug» -;f .pr j jig . i pgl .* stress (porre- ’’ 
spending 1 0 t cpmprVssl bn ‘hcrbes'ith.61 wri-nkje^)^. decreases slowly 
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after buckling at Q = 5,54 Sh 3 b/a a . The direction of the 
maximum principal stress forms an angle of 45° with the 
flanges at the buckling load; however, this angle drops to 
32° 34 1 at the highest load considered. 

Stresses at Corner of Shear Web 

The stresses at the upper corner of the Bhear web toward 
which the wrinkles point (x=0, y=b) were computed from equa- 
tions (28) and (29) and table 2. The maximum and minimum 
principal median fiber stresses were then computed from equa- 
tion (30). These stresses are given in table 4 and some of 
them are plotted against load <4 in dimensionless form in 
figure 3 . 

Figure 3 shows that in the corner of the shear web, the 
minimum median fiber stress (compression) is about 30 percent 
larger in absolute value than the maximum median fiber stress 
(tension). This is in sharp contrast to the condition at the 
center of the shear web (fig. 2) where the tension is much 
larger than the compression. The bending stress at the corner 
(fig. 3). is about half as large as the median fiber stresses. 
The angle of the maximum median fiber stress in the corner 
(fig, 3) changes from 45° at buckling to about 43° at the high- 
est load considered. This is a much smaller change in angle 
than ..was found in the center of the bay (fig. 2). 

Shear Deformation of Beam 

The shear deformation Y of the beam and the shear load' 

Q are given in dimensi onlees form in table 2. They are plot- 
ted against each other in figure 4, It is seen from this fig- 
ure that the break in the deforiiat ion-load curve at the buck- 
ling load, Q, =* 5.54 Bh 3 b/a a is not very- sharp. The stiff- 
ness, as indicated by the reciprocal of the slope of the 
deformation-load curve, shows a drop of about 15 percent after 
buckling. 


Effective Width of Sheet 

The effectiye width of the Bheet , corresponding to the 
width. of unbuckled sheet which would give the same shear de- 
formation as the actual buckle^, sheet, was computed from equa- 
tion (24) and table 2. The ratio of effective to initial 
width is given in table 4 and is plotted in figure 5 against 
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the shear deformation ratio -Ya 3 /h 3 . Figure 5 stows that 
the effective width decreases slowly with increase in shear 
deformation. At the maximum deformation considered, about 
five times the deformation at the instant of buckling, the 
effective’ width is 'fe% ; ll*L' about 86 percent of the initial 
wi dth . ' : ’* 


’ CoinjcreasiYe For c?/ in. Strut 


. ' ■ . “‘J 

The distribution of compregsiye ;force P along the 

strut was computed fr6m equation. .(12^,-ustng equation (14) and 
table 2. The results are jp 1 fttV.e.4 . 1 n dimensionless form in 
figure 6 f* or 'CJ ' : ±. ' 9 .36 '5fh*b/a 3 . ..The . variation in compressive 
force, P, along the strut is quite pronounced, the force 
being more than A three times, as large, -at it-he: !0 ent er as at the 
ends. This' ls : y , 'iauch larger variation. t.b£.n .was found in ref- 
erence 1 for a' 'square shear web. . . 


forbe P y=b / 2 

is plotted ;in- dimensionless 

in 

ft = 


various loads 
as a function 


was computed for 

form’in figure 7 
strut force with load is nearly 
5 w 54 Bh^/a 3 '. ; . 

;■ w i 

■,* r* 1 r ", i >' (i a 


A r r 
* *- 


The maximum 

• • t - C 

and 

of load Q. . The inqrease 
linear aft, ? t r buckling at 

.t ,■ , .1 v r ' ' ** fi 

• . t. I - . t . 

* ’ ’.Oonm-ari, s> on- with.Eea.'ults f=dr’ ■‘Sh&ed& T Web 

'■O'.: A t «v - / . \ jr ■ i; r ’ 

! " , ''laying Square Bayjsf C-.Rieifarence- ‘TO*’ 

~ ’■ i u ■ v ‘ ‘ . j'.“ . . , ■ i ? ■ i "£ q 

The above results for a 2.6:1 rectangular shear web with 
reinforcement ratio 1/4, are compared in figures 8, 9, and 10 
with the corresponding results giVeh in reference 1 for a 
Bquare shear web with the same reinforcement ratio. Curves A 
are taken from the present analysis, while curves B are taken 
from reference 1. ..Figure 8 shows that -.the diffS^Shie 'in shear 
deformation 1 for the deep web and -for*. -the square^w^b ■ dSd S not 
exceed' ; 2 ■‘percent . Figure 9 shows that .'the d'i-ff dfehc’e In 
st.reBs6s ; at* ! the corners in line with the diagonal tension 
wrinkles (subscript 2) .does- n-ot .e-xce-ed 10 the 

stresses' at' 'the center of the ; deep w.eb. ■( subscript' %r e up 
to 20 per'cehfc smaller than those, for-, th-a- %rq ; tiat ; & VebV; ‘ ‘Fi gure 

10 shows * thlkt'. the force at the cent errof 4 the-' * J - 

the deep &eb is about 30 percent greater at 
than that_for the square, web,* - ' 

; ^ 

* 1 *»r ' t - * ^ I / .? : o t 


3* s t r ht ‘ : ’f Vi h‘f o r c i n ^ 
the 1 ' h i th’e s% load 

1 r T i n '1 f " li 1.. 
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Comparison with "Tension Field" Theory 

The ..curve a 0 in figures 8 to 10 were computed from Kuhn* 8 
semi empiri cal analysis of shear vets in incomplete diagonal 
tensi'ch (reference 6). The shear deformation (fig. 8) 1 b 
about lb percent greater by Kuhn's analysis than by the pres- 
ent analysis} the median fiber tension at the center of the 
web bay (fig. 9); Is up to 12 percent greater by Kuhn's analy- 
sis than by the present analysis; the median fiber tension at 
the corner of the;vet bay (fig. 9) is up to 37 percent greater 
by Kuhn's analysis than by the present analysis'; and the force 
at the middle of the strut (fig. 10) is. about 16 percent less 
by Kuhn's analysis than by the present analysis. The compari- 
son indicates that Kuhn's analysis is more conservative than 
the' present analysis except for strut force. 

The curves D in figures 8 to 10 were computed from 
Langhaar ' s analysis (reference 7) which takes account of flange 
and strut stiffness, but neglects the effect of Poisson's 
ratio ( p. = 0) . The shear deformation (fig. 8) is up te '80 per- 
cent greater hy ianghaar ' s analysis than by the present” analy- 
sis, the median fiber tension at the center of the web (fig. 9) 
is up to 50 percent greater by Langhaar' s analysis than by the 
present analysis; the median fiber t ension .at the corners in 
line with the diagonal .tension wrinkles is up to 90 percent 
greater by Langhaar ' b analysis than by the present analysis; 
and the force at the middle of: the strut (fig. 10) is about 
four times as great at" the highest load. The comparison indi- 
cates that Langhaar ' s analysis is more conservative by a large 
margin than the present analysis. 

• . , • * . , 

CONCLUSIONS 

The analysis, of a rectangular shear' yeb with a height -to-, 
width ratio 2.$ reinforced by struts witiwa weight equal to' 
one-fourth theweight of the - web 'leads t o ..the following results 

’ ........ , : ■ • .. ’ . • .. ? ; . . • ” ‘ ' '' . ’ 

The maximum principal stress at the center (corresponding 
to tension along the wrinkle) cont inues' t o rise after buckling, 
while the minimum principal stress "(corresponding tc compres- 
sion perpendicular to the wrinkle s )• remain s c on stant and then 
decreases slowly with increasing load. The direction of the 
maximum principal stress at the center forms an angle of 45° 
with the flanges at the buckling load; the angle decreases with 
increasing load; it is only about 32° at four times the buck- 
ling load. 
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In the corners of the web that are in line with the di- 
agonal wrinkles, the minimum median fiber stress (compression) 
is about 30 percent larger in absolute value than the maximum 
median'- *fiber stress (tension). This is in sharp contrast to 
the condition at the center of the shear web where the ten- 
sion is much larger than the compression. The trending atr.es.s __ [ 
at the corner iB about one-half as large as the median fiber 
stresses. The direction of the maximum median fiber str-e-ss 
in the corner changes ’'from 45° relative to the flanges at 
buokling to about 43° at four times the buckling load. ’■ c - ? r . • 


The' slope of the shear deformation - load curve shows an 
abrupt decrease in shear stiffness of about 15 percent at'-the. 


buckling load. 


The effective width of the sheet drops off slowly as the 
buckling load is exceoded. At a shear deformation o’f atPoUfc 7 . 
five 'trims s- the buckling deformation the effective victt-h^is 
still "86 per-cent , o-f the initial width. 


i.’C ; 


The compressive force in the strut is about three -’times 
as large at’ the middle as at the ends. This i s’ a - much larger 
var iation>, than, was found in reference 1 for a square- shear 
web; it^dp probably^ caused' by-' •'* gu s s e t 11 action near the ends 
of the relatively longer strufc.s reinforcing the rectangular .3 
web. 1 The increase £n strut force with load was roughly- lin- 
ear ~ ‘ i - ; 


* ‘ *4 . ■ • 

Comparison with the corresponding analysis df reference 
1 for square shear bays shows agreement wifliin 2 'pereetft for 
shear deformation. The stresses at the center and corners 
and the force in the middle of the strut differed by not more 
than 30 percent . 


. Comparison with the diagonal tension field theory as de- 
veloped by Kuhn indicates that Kuhn 1 s analysis is up to 37 
percent more conservative than the present analysis except 
for strut force, for which the present analysis is more con- 
servative . 

Comparison with the diagonal tension field theory as de- 
veloped by Langhaar indicates that Langhaar’s analysis is much 
more conservative than the present analysis; the difference is 
of the order of 50 to 400 percent at the largest loads. 


National Bureau of Standards, 

Washington, D. C. t June 30, 1945. 
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TABU 1 - EQEUTI0H8 TOR DETLIOTIOI OOETTIOIEHTB 
[see Equktion (17 Q 



0 - 

0 - 

0 - 

0 - 

0 - 

0 - 

0 - 

« 1,2 

34.36k® 

0 

Tk 3 1 
5.689-j- 

Tk 3 

-10 .24 

0 

Tk 3 
— 4,062 u 

Tk 3 

-2.664-j- 

*1,4 

0 

114.3k 2 

■ Tk 3 

2.276-|- 

Tk 3 

0 

Tk 3 

Tk® 
-7. 240^ 

" 1,6 

° 

0 

Tk? 

1.463^ 

6.669^ 

412.2k 2 

Tk 3 

23.27-t- 

Tk® 

-87.57^- 

* 8.1 

Tk 3 

6.S89 - ! - 

Te 3 
2.276 I - 

156.1k 8 

0 

Tk 3 

1.463— 

0 

0 

*2,3 

r t 2 

-10.34“ j" 

Tk® 
14.63— j- 

0 

266. 9h 2 

Tk 3 

5.680-1’ 

0 

0 

*a,s 

-4.063-^ 

7k 3 

-18.96-j- 

0 

0 

Tk 3 

33.27-,- 

677.2k 8 

0 

*2,7 

TV 3 

-a.esB-g- 

-7.240 T |- 

0 

0 

-27.57^ 

0 

1364k® 

*3,2 

0 

0 

-10.24^ 

Tk® 

18.43-1- 

0 

Tk 3 

7.314^f- 

4.779^ 

*3,4 

0 

0 

-4.090-^ 

Tk® 

-26.33^5“ 

0 

Tk® 

34.13f- 

o 

to 

H 

*3,6 

0 

! 

0 

Tk? 

-3. 633-^ 

Tk® 

-10.24S- 

0 

Tk 3 

-41.89-tj- 

Tk 3 

40.621J- 

*4,1 

Ik 0 

3.376-j- 

.SIOS^ 

0 

0 

.6851^ 

0 

0 

*4,3 

-A.ose 3 ^ - 

S.SSlHJ- 

0 

0 . 

2.276“^— 

0 

0 


. 7k 3 

_ ' r | 2 






**,5 

-i.easT^ 

-7.685T^ 

0 

0 

0 

0 

*4,7 

Tk 2 

-1.062-j" 

Ik 3 

- 2 . 630 ^ 

0 

o 

Ik 3 

11.03-y- 

0 

0 

*1,3® 

23.13*!, s 

.01366*1,3 

86 . 22 vg f ^ 

23.81*3,! 

—6 . 366*^ g 

-23.78*a,! 

-.1658*3,1 

*i.a 2 

.04166*1, 4 

ee.s^i^ 

3 

88.49*3,3 

44.3£*t 4 

1,4 

4.112w 3>3 

-28-75*2^3 

*1,4 3 

.04907» 1j4 

79,07* 1>4 

175.Bw 3i1 

1.760*3,! 

i 

.09244*!, 4 

.9703*3,! 

65.44*3,1 

* 1.* 3 

66 . 52 * 1,3 

.1472*1, 3 

1. 760*2,3 

213.1*3,3 

8.339*1,3 

72.56*3,3 

3 . 377*2,3 

*a,i 2 

a5 - 23 *l,3 

-S8.37*i >3 

299 . Owg 2, 

-99 • 75w*j ^ j 

— • 2030v f g 

-.000971*3,! 

-.002906*3, ! 

*2,1® 

-38.37iri f4 

176.6*^4 

-3 s0 *2*2, 3 

607.6*3,3 

-98.73w 14 

-302.4*3,3 

-.007190*3,3 

*3,3 2 

; 86.49*2,^2 

36 . 29*i , g 

.02106*3,3 

234.0*3,3 

-5.61411,3 

.07369*3,3 

.01285*3,3 

*3, 3® 

38.2Sw 1j4 

213.1w 1j4 

607.6»2 j 2 _ 

.06318*g ( ^ 

—7 .329*2.^4 

316 .0*g^ 

-306.3jr 3il 

*1,2*1, 4*2,1 

0 

0 

-116.5 

120.5 

0 

66.23 

-60.97 

*1,2*1, 4*2, 3 

0 

0 

120.5 

72.38 

0 

122.1 

1.263' 

*1,2*2, 1*3, 3 

47.82 

120.6 

0 

0 

-146.8 

0 

0 

*1,4*2, 1*3,3 

lao.s 

3.530 

0 

0 

232.9 

0 

0 
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0 
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—1.062 -j— 

*1,4 

0 

0 

0 
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JC 
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-7.666 1 !? 

-a.see 2 !- 

*1,6 
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0 

0 
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Tk 3 
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0 
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0 

0 

*3,3 

18.43^ 
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0 

0 

0 

0 

*3,6 

7.314^t“ 
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0 
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*3,7 
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Tk 2 
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0 

0 

0 

0 

*5,3 

830.311® 

0 

0 
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Tk 3 

-36. ss-^- 

Tk 2 

-10.45 J Y' 

7k 2 

-6,837T“ 

*3,4 

0 

■1308k 2 

0 

Tk 3 

6.861-2|- 

7k 2 
37.63^ — 

7k 2 

-48.76^1- 

7k 2 

—16.63^- 

*3,8 

0 

0 

1865k 3 

3.763®^ 

14.63^|- 

69.84- 1 *- 

Tk*® 

-70,89^1 

*4,1 

T* 2 

14.03-y 

6.861^- 

7k 2 

3.763-j- 

3366k 3 

0 

0 

0 

*4,3 

7k 2 

-se.ss^ 

37.83^ 


0 

3743k 3 

0 

0 

*4,6 

Tk 3 

-10.46-^f- 

Ik 2 

-48.76-^- 

68.84^|? 
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Table 2 - Values of deflection coefficient* as a fnaotlon of apparent obeartng defomation V or of shear load Q 


-.064 



*^.2 

h 
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12*5 
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I 2 *Z 
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0 
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-0.003 

-0.001 

0.000 

6.000 
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-.005 

-.002 

.000 

.000 

.003 

-.011 

-.004 

-.001 

.000 

•007 

-.017 

-.007 

-.oca 

.000 

.012 

-.025 

-.011 

,000 

.001 

.018 

-.035 

-.015 

.004 

.002 

.029 

-.042 

—.018 

.008 

.004 

.057 

-.049 

-.oa 

.009 

.004 

.043 

-.058 

-.025 

.011 

.005 

.050 

-.068 

-.029 

.013 

.006 

.059 

-.093 

-.040 

.018 

.008 

.081 

-.126 

-.054 

.024 

.011 

•110 

-.171 

-.075 

.032 

.015 

.149 

-.227 

-.096 

.043 

.020 

.197 

-.295 

-.125 

.056 

.026 

.257 

-.576 

-.160 

.071 

.035 

•327 
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Table 3 - Median Fiber Stresses at Center, Maximum and Minimum 

Principal Stresses, and Direction of Maximum Principal Stress 


EhJb 

r * a 2 
* x a 

wm 

mm 

<nin a2 

flmax 3 2 

Of * 

Eh 2 

Eh 2 

mam 

Eh 2 

Eh 2 

5.5? 

.01 

.00 

-9.99 

-9.93 

9.59 

440591 

5.61 

.03 

.02 

-9.99 

-9.57 

9.61 

440531 

5.74 

.12 

.06 

-9.68 

-5.53 

5*79 

44.0521 

6.00 

.27 

.15 

-9.84 

-5 *61 

6.03 

44 °42 * 

6.32 

.50 

.27 

-6.04 

-5.62 

6.39 

44026* 

6.80 

.86 

.49 

-8.33 

-9.62 

6.93 

440 51 

7.10 

1.09 

.58 

-6.50 

-9.61 

7.28 

43°91* 

7.4-4 

1.35 . 

.71 

-6.70 

-5.61 

7.67 

430371 

7.82 

1.66 

.86 

-6.92 

-5.59 

8.12 

43020* 

3.24 

2.02 

1.04 

-7.16 

-5.56 

8.63 

43° 2* 

9.30 

2.94 

1.49 

-7.76 

-5.48 

9.92 

42 °20 * 

10.60 

4.20 

2.08 

-8.46 

-5.27 

11.56 

41 0 25* 

12.22 

5.8? 

2.82 

-9.29 

-4.98 

13.65 

40 °22* 

14.12 

7-93 

3.67 

-10.26 

-4.97 

16.17 

390 8* 

I6.36 

10.93 

4.75 

-II.30 

-3.90 

19.18 

370501 

13.60 

13*48 

9.64 

-12.32 

-3.26 

22.38 

36 °11 * 

21.18 

17.06 

6.73 

-13.41 

-2.37 

26.17 

34 °23 * 

23.97 

21.31 

7.88 

-14.91 

-1.28 

30.48 

32°34* 


* of angle between direction of maximum principal stress and flanges. 













Table 4 - Stresses at Upper corner of Shear ?teb, towards Which Wrinkles Point, 
30=0, y=b and effective width ratio 


Eh3b 

Eh 2 

fr'a 2 

Eh 2 

. 

f*xy a 2 
Eh 2 

fftjniaaf 

Eh 2 

aSsesS-L. 

Eh 2 

XxV n B Z 

Eh 2 

4 * 

0 c 

Effective 
width ratio 

5-55 

0.00 

0.00 

5.55 


5.54 

-0,22 

44059 » 

1.000 

5.6l 

.00 

-.01 

5.61 


5.61 

-.44 

440501 

.999 

5.74 

-.01 

-.03 * 

5.76 

-5*78 

5.74 

-.90 

44°57* 

.996 

6,oo 

-.02 

-.07 

6.04 

-6.09 

6.00 

-1.38 

44°54‘ 

.992 

6.32 

-.05 

-.12 

6.41 

-6, 5o ‘ 

6.33 

-1.89 

44°49 • 

.986 

6.8o 

-.08 

-.21 

6.96 

-7.10 

6.81 

-2.43 

44044 • 

.978 

7.10 

-.10 

-.26 

7.30 

-7.48 

7.12 

—2 , 70 

440411 

.973 

7.44 

-.13 

-.32 

7.68 

-7.91 

7.46 

-3.02 

44°38» 

.968 

7.8 2 

-.16 

-.40 

8.12 

-8.39 

7.84 

-3.36 

44°34‘ 

.963 

8.24 

-.19 

-.49 

8.62 

- 8,96 

8.27 

-3.73 

440301 

.957 

9.30 

-.29 

-.73 

9.84 

-IO .36 

9.34 

-4.54 

44°21» 

.944 

10.60 

-.42 

-1.07 

11.39 

-12.14 

10.65 

-5.49 

44°11 1 

.931 

12.22 

-.60 

-1.54 

13.33 

-14.41 

12.26 

-6.49 

43° 59.' 

.917 

14.12 

-.83 

-2.14 

15.62 

-17.12 

14.15 

-7.76 

43 °48 1 

.904 

16.36 

-1.12 

-2.91 

I 8.36 

-20.40 

16,37 

-9.03 

43°36 f 

.892 

18.60 

-1,41 

-3.72 

21.10 

-23.70 

18.56 

-10.48 

43°26« 

.882 

21*. 18 

-1.78 

-4.72 

24.29 

. -27.58 

21.09 

-12.04 

43 0 l6’ 

.872 

23.97 

-2.19 

-5.87 

27.78 

-31.87 

23.81 

-13.75 

43°6 f 

.863 


* angle between direction of maximum principal stress and flanges 
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Figure X.- Beam under shearing force Q and typical Figure 3.- Principal median fiber stresses at 

bay of- shear web. center of shear bay and direction 

of maximum prinoipal stress . Bending stresses 
are zero at center of bay. 
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figure 3.- Principal median fiber etreeeee and 
bending BtreaaeB at comer of shear 
bay, and direction of maximum principal median 
fiber stress. Bending stresses cr x " and ay" are 
zero at corner. 



figure 4.- Shear deformation of beam as a function 
of load. 
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Figure 7.- Variation of compreseive force Py^^/2 
at midpoint of strut with shear load Q. 


Figure 8.- Shear deformation, versus shear- 
ing force Q for shear webs with re- 
inforcement ratio r ■ 1/4. Ourve A: present 
analysis, b/a « 3.5; ourve B: reference 1, 
b/a ■ 1; ourve 0: reference 6, b/a » 3.5; curve 
D: reference 7, b/a * 3,6. 
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Figure 9.— Maximum median fiber stress versus shearing 

force for shear webs with reinforcement ratio, 
r *= 1/4. Curve Ai: present analysis, center of plate, 
b/a » 2.5J curve A 2 : present analysis, corner of plate in 
line with diagonal tension wrinkles, b/a « 2.5; curve • 
reference 1, center of plate, b/a = l; curve B2: reference 
1, corner of plate in line with diagonal tension wrinkles, 
b/a « 1; curve C: reference 6, throughout plate, fcyfe.«2.5,* . 
curve D: reference 7, throughout plate, b/a «* 2.5. 
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